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ARTICLE INFO ABSTRACT

Keywords: The Snf2 protein family is a group of ATP-dependent chromatin remodeling factors (CHRs) that play an essential
Snf2 role in gene expression regulation. In plants, Snf2 is involved in growth, development, as well as stress resistance.

Chromatin remodeling factors However, only a very limited number of experimentally validated Snf2 have been identified and reported, while

Ef;z:) ase the majority remaining undiscovered in most species . In this study, we predicted 3135 Snf2 proteins and 8398
Evolution chromatin remodeling complex (CRC) subunits in diverse plant species, and constructed the Plant Chromatin

Remodeling Factors Database (PlantCHRs, http://www.functionalgenomics.cn/PlantCHRs/), which provide a
comprehensive resource for researchers to access information about plant CHRs. We also developed an online
tool capable of predicting CHRs and CRC subunits. Moreover, we investigated the distribution of Snf2 proteins in
different species and observed a significant increase in the number of Snf2 proteins and the diversity of the Snf2
subfamily during the evolution, highlighting their evolutionary importance. By analyzing the expression patterns
of the Snf2 genes in different tissues of maize and Arabidopsis, we found that the Snf2 proteins may show some
conservation across different species in regulating plant growth and development. Over the all, we established a

comprehensive database for plant CHRs, which will facilitate the researches on plant chromatin remodeling.

1. Introduction

Chromatin, a complex of DNA and protein in eukaryotic cells, con-
sists of nucleosomes as its fundamental unit. The dense arrangement of
nucleosomes packages chromosomal DNA into a compact structure,
effectively storing genetic information in chromatin while obstructing
the access of transcription machinery. Consequently, eukaryotes
evolved Snf2 proteins as CHRs that involved in biological processes,
such as gene transcription, DNA repair, DNA replication by altering the
position of nucleosomes. DNA transcription is primarily carried out by
RNA polymerase, which first binds to the DNA promoter with the
assistance of transcription factors to form a transcription initiation
complex. The complex consumes nucleotides and continuously extends
in the 3’ direction. In eukaryotes, DNA is wrapped around histones to
form nucleosomes, a structure that protects the DNA. Therefore, prior to
DNA expression in eukaryotes, CHRs are recruited to the vicinity of the
DNA that needs to be expressed. These factors move the DNA out of the
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histones through ATP hydrolysis, and may even remove the histones
themselves [1,2]. Once the transcription is complete, the CHRs could
add the removed nucleosomes back onto the nucleosome string. It has
been discovered that CHRs also have the ability to replace H2A and
organize the nucleosomes. SWR1, for example, is capable of replacing
H2A with H2A.Z, which then promotes the transition from euchromatin
to heterochromatin [3]. Additionally, during the process of DNA repli-
cation, CHRs are required to orderly arrange the positioning of nucle-
osomes, allowing chromatin to fold into the normal 30 nm chromatin
fiber with the help of other proteins. Based on a multiple sequence
alignment of approximately 1300 Snf2 proteins, Flaus and colleagues
categorized Snf2 proteins into 24 subfamilies: ALC1, ISWI, CHD7, Chd1,
Mi-2, Lsh1, Snf2, EP400, Swrl, Ino80, Etl1, ERCC6, SSO 1653, Motl,
ATRX, Arip4, JBP2, DRD1, Rad54, Lodestar, Rad5/16, Risl, SHPRH,
SMARCAL1 [4,5]. Snf2 proteins comprising two conserved domains:
SNF2-N and helicase-C, are extensively present in eukaryotes. Protein
domains such as HAND, SANT, PHD, CHROMO, and HSA also were
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Table 1
Statistics of the number of different SNF2 proteins in the collected data.
Subfamily Non-plant organisms  Arabidopsis  Tomato  Rice  Total
ALC1 4 1 1 1 7
Arip4 3 3
ATRX 5 1 1 1 8
Chd1 5 1 2 1 9
CHD7 15 15
DRD1 6 11 7 24
EP400 2 2
ERCC6 8 3 3 4 18
Etll 6 1 1 1 9
Ino80 28 1 1 1 31
ISWI 7 2 2 2 13
JBP2 6 6
Lodestar 3 3
Lshl 5 1 1 1 8
Mi-2 9 3 2 3 17
Motl 5 1 1 1 8
Rad5/16 17 5 5 4 31
Rad54 21 1 1 1 24
Risl 1 5 5 3 14
SHPRH 5 2 1 2 10
SMARCAL1 6 2 2 2 12
Snf2 8 4 3 3 18
SS01653 1 1
Swrl 16 1 1 1 19

identified in Snf2 proteins. These domains may contribute to SNF2
protein functional specialization [6].

Snf2 proteins play crucial roles in plant growth, development, and
stress response. The Arabidopsis genome encodes 41 Snf2 genes, which
can be classified into various subfamilies. The Snf2 subfamily consists of
four members: BRM, SYD, MINU1, and MINU2. Mutants of BRM and SYD
both exhibit dwarfism, leaf curling, and early flowering, with the brm
mutant also showing enhanced drought tolerance [7-9]. The MINU1 and
MINU2 genes are involved in embryonic development, with the minul-
minu2 double mutant exhibiting impaired embryonic development [10].
Overexpression of MINUI leads to growth inhibition under stress con-
ditions, while MINU1-deficient mutants show tolerance to salt, drought,
and high temperatures [11]. The ISWI subfamily includes two members,
CHR11 and CHR17. The chr11chr17 double mutants display growth and
developmental defects, such as dwarfism, early flowering, curly rosette
leaves, shortened primary roots, and an accelerated transition from the
vegetative to the reproductive phase. Additionally, many defense
response-related genes are upregulated in these double mutants in the
absence of pathogen infection. The chrll single mutant exhibits
enhanced resistance against Pst DC3000 [12,13]. The Mi-2 subfamily
member PKL is involved in regulating various developmental processes,
including embryonic development, seed germination, and
temperature-mediated seedling development [14]. The DDM1 gene,
belonging to the Lsh1 subfamily, regulates the resistance of Arabidopsis
thaliana to pathogens by influencing the levels of DNA methylation in
stress-responsive genes [15]. CHR19, a member of the Etll subfamily,
plays a crucial role in regulating the SA and JA signaling pathways.
Mutations in CHR19 increase susceptibility to the necrotrophic fungal
pathogen Botrytis cinerea through the JA pathway, while having no
impact on the growth of the hemibiotrophic bacterial pathogen Pst
DC3000 via the SA pathway [16]. RAD54 is necessary for
RAD51-mediated meiotic DNA double-strand break repair [17]. Muta-
tions in PIEI, a member of the Swrl subfamily, suppress the delay in
flowering mediated by FLC. PIE1 forms a complex with ARP6, contrib-
uting to the regulation of H2A.Z deposition, thus influencing the
expression of specific genes [18]. EDA16, belonging to the Risl sub-
family, functions as a negative regulator of immune response [19]. In
addition to Arabidopsis, Snf2 proteins have been studied in other plant
species. In maize, ZmCHB101, an Snf2 protein, is involved in the regu-
lation of nitrate response. ZmCHB101-RNAIi lines exhibit accelerated
root growth and increased biomass under low nitrate conditions [20].
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This finding suggests that ZmCHB101 plays a crucial role in maize
adaptation to low-nitrogen environments. In rice, RFS, a Mi-2-like CHR,
regulates multiple biological processes, including chloroplast develop-
ment, leaf rolling, and reactive oxygen species scavenging (ROS) [21].
Another example in rice is OsALT1, a Risl subfamily chromatin
remodeling ATPase. The alt] mutants enhance rice tolerance to alkaline
stress by reducing ROS levels and alleviating oxidative stress damage
[22]. A recent study suggests that OsCHR11 regulates the resistance to
disease by influencing the occupancy of nucleosomes [23]. This finding
suggests that Snf2 proteins play a significant role in enhancing stress
tolerance in crops. Together, these studies on Snf2 proteins in different
plant species underscore Snf2 roles in plant development, growth, and
environmental stress response.

The development of high-throughput sequencing technologies led to
genome sequencing for numerous plants, which were stored in various
public platforms such as Phytozome, Ensemble Plant, and NCBI [24,25].
These resources have enabled scientists to establish specialized data-
bases to store and analyze specific factors, such as the Plant Transcrip-
tion Factor Database (PlantTFDB) [26], Leaf Senescence Database (LSD)
[27], and Plant Ethylene Response Factor Database (PlantEAR) [28],
effectively promoting research in these filed. Snf2 proteins, as important
regulatory factors in various biological processes, are crucial for un-
derstanding the relationships between organisms and their environ-
ments, as well as for breeding stress-resistant crops. Although some
databases of CHRs have been published, these databases mainly focus on
the Snf2 proteins of humans and other animals, and there are no data-
bases to classify and store plant Snf2 proteins. To facilitate the study of
plant Snf2 protein, a new database called the Plant Chromatin Remod-
eling Factors Database (PlantCHRs) has been constructed. The database
predicts CHRs and CRC subunits in different species and integrates in-
formation on protein domains, Gene Ontology (GO), Kyoto Encyclo-
pedia of Genes and Genomes (KEGG), and protein-protein interactions
(PPI). By providing a comprehensive platform for the analysis and
comparison of Snf2 proteins across different species, PlantCHRs has the
potential to greatly advance our understanding of the roles of these
proteins in plant growth, development, and stress response.

2. Materials and methods
2.1. Data sources

To construct Hidden Markov Model (HMM) profiles of the Snf2
subfamily, well-annotated Snf2 proteins from different species were
collected. Snf2 proteins from non-plant species were obtained from
various sources, including the UniProtKB database [29], EpiFactors
database [30], ChromoHub database [31], and several publications
[32]. Detailed information on Snf2 proteins from non-plant species can
be found in Supplementary Table 1. Snf2 proteins from Arabidopsis
thaliana, rice, and tomato were derived from previous studies [33,34].
Detailed information on Snf2 proteins from these plant species is
available in Supplementary Table 2. Snf2 proteins typically function by
forming CRCs with other proteins. To predict CRCs in other plant spe-
cies, CRCs of Arabidopsis thaliana were collected from literatures [35].
Protein sequences, transcript sequences, coding sequences, KEGG, and
GO information were obtained from the Phytozome database [25]. The
collection of CRCs can be found in Supplementary Table 3.
Protein-protein interaction information was sourced from the BioGRID
database [36]. The expression values of 35 maize Snf2 genes in various
tissues at different developmental stages were obtained from MaizeMine
database [37]. The expression values of 41 Arabidopsis Snf2 genes at
different developmental stages were obtained from EBI’s Expression
Atlas [38].

2.2. Identification of Snf2 proteins

A total of 310 Snf2 proteins were collected, belonging to 24 Snf2
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Fig. 1. The structure of the PlantCHRs. PlantCHRs are comprised of five
modules: Search, Browse, Phylotree, Prediction, and Download. The Search
module allows users to find relevant CHR proteins and CRCs through "ID
search," "species search," and "other keyword search." The Browse module and
Phylotree module enables users to explore CHR proteins and CRCs from 79
species in PlantCHRs categorized by species. The Prediction module allows
users to predict CHR proteins and CRCs in other species.
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Fig. 2. The distribution of Snf2 genes across different subfamilies in 79 plant
species was represented using a pie chart, which was divided into 19 sections,
each indicating the number of genes in different Snf2 subfamilies. The labels on
each section provided the name of the subfamily and the number of genes in
that particular subfamily.

Table 2

Statistics of data in PlantCHRs.
Content Number Source
Species 79
CHRs 3135 In house Prediction
CRC subunits 8398 In house Prediction
CDS sequence 11,533 PhytozomeV12, V13
Transcript sequence 11,533 PhytozomeV12, V13
Protein sequence 11,533 PhytozomeV12, V13
Protein domain 69,363 In house Prediction
PPIs 64,238 In house Prediction
GO term 33 (5362) PhytozomeV12, V13
KEGG term 44 (4256) PhytozomeV12, V13
Best hit with NR, Swissprot, Refseq databases 41,520 In house Prediction
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subfamilies (Table 1). To establish HMM profiles for these subfamilies,
multiple sequence alignment analysis was performed using MUSCLE
v3.8.1551 software [39] followed by manual removal of poorly matched
sequence alignment results. Then, HMMER v3.3.2 software [40] was
used to create the HMM profiles. To assess the predictive performance of
the HMM profiles, ROC curves were generated, and cutoff values for
sequence scores and domain scores for each subfamily were calculated.
This process involved two steps:

(1) Generation of the test data set: Snf2 subfamily members in several
distantly related species were identified using sequence align-
ment analysis, protein domain identification, and phylogenetic
tree construction. A total of 310 well-annotated Snf2 protein se-
quences were used as query sequences, and BLASTP software was
used to align them against proteome sequences of Physcomitrium
patens, Populus, Ginkgo biloba, Gnetum montanum, and Amborella
trichopoda with e-value to < 1le-10. Then, protein domains of
aligned sequences were identified using InterProScan software
[41]. Snf2 proteins with Pfam domains PF00176 (SNF2-related
domain) and PF00271 (Helicase conserved C-terminal domain)
were considered as Snf2 proteins. These proteins were aligned
with the 310 well-annotated Snf2 protein sequences, and a
phylogenetic tree was constructed using PHYLIP [42]. The sub-
families of newly predicted Snf2 proteins were determined based
on the branching information in the phylogenetic tree (Supple-
mentary Figure 7-11, Supplementary Table 4).

Drawing of ROC curves: Based on the subfamily HMM profile,
HMMER v3.3.2 software was used to scan the newly predicted
Snf2 proteins, calculating the sequence scores and domain scores
of all proteins. For each subfamily of the test set, members of the
specific subfamily were considered positive data, while members
of other subfamilies were considered negative data. Specificity
and sensitivity values of the HMM profile under different
sequence scores and domain scores were calculated, ROC curves
were drawn, and AUC values and Youden index were calculated.
The sequence scores and domain scores were used as thresholds
for the HMM profile when the Youden index was the largest. The
AUC values of all subfamily HMM profiles were above 0.99,
indicating that the HMM profile has a strong discriminative
ability (Supplementary Figure 1-6).

(2

—

TP

Sensitivity = TP-‘,-—HV

N

Specificity = 75— Fp

Youden index = Sensitivity + Specificity — 1

In conclusion, by following this methodology, Snf2 proteins in
various species were identified, and HMM profiles for Snf2 subfamilies
with high discriminative ability were established. This approach allows
for the accurate prediction of Snf2 proteins in other plant species,
contributing to the understanding of the roles of these proteins in plant
growth, development, and stress response.

Based on the HMM profiles of the Snf2 subfamilies (ALC1, Arip4,
ATRX, Chdl, CHD7, DRD1, ERCC6, Etll, Ino80, ISWI, JBP2, Lodestar,
Lsh1, Mi-2, Mot1, Rad5/16, Rad54, Ris1, SHPRH, SMARCALI, Snf2, and
Swrl), the HMMER software [40] was used to predict Snf2 subfamily
proteins in new species. However, due to the limited number of mem-
bers in the EP400 and SSO1653 subfamilies (fewer than three each),
they could not meet the requirements for HMM profile construction. To
identify potential EP400 and SSO1653 subfamily members in these
species, the collected EP400 and SSO1653 subfamily members were
used as query sequences, and the proteome sequences of the species to
be identified were used as the subject database. BLASTP software was
used for alignment. Subsequently, the presence of the PF00176 and
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|Species Information

Species & Taxonomic ID: Porphyra umbilicalis & 2786
Genome Assembly: v1.5
Taxonomic Lineage: cellular organisms; Eukaryota; Rhodophyta; Bangiophyceae; Bangiales; Bangiaceae; Porphyra

| CHRs

Gene locus Gene model CHR family
Pum0031s0041 Pum0031s0041.1 Snf2
Pum0143s0023 Pum0143s0023.1 Ino80
Pum0191s0020 Pum0191s0020.1 CHD7
Pum0413s0012 Pum0413s0012.1 SMARCALL
Pum0518s0001 Pum0518s0001.1 Rad516
Pum0672s0005 Pum0672s0005.1 Swr1
Pum0707s0009 Pum0707s0009.1 Snf2

C | CHR Complexes

Gene locus
Pum0031s0041
Pum0031s0095

Pum0070s0053

Pum0143s0023
Pum0231s0007

Gene model
Pum0031s0041.1

Pum0031s0095.1

Pum0070s0053.1

Pum0143s0023.1

Pum0231s0007.1

CHR complex
SWI/SNF family | MAS complex | Catalytic subunit | MINU1

SWI/SNF family | BAS complex | Auxillary subunit | ARP4; SWI/SNF family | SAS complex | Auxillary
subunit | ARP4; SWI/SNF family | MAS complex | Auxillary subunit | ARP4; INO80 family | INO80
complex | Auxillary subunit | ARP4; INO80 family | SWR1 complex | Auxillary subunit | ARP4

SWI/SNF family | BAS complex | Auxillary subunit | ARP4; SWI/SNF family | SAS complex | Auxillary
subunit | ARP4; SWI/SNF family | MAS complex | Auxillary subunit | ARP4; INO80 family | INO80
complex | Auxillary subunit | ARP4; INO80 family | SWR1 complex | Auxillary subunit | ARP4

INOB80 family | INO80 complex | Catalytic subunit | INO80

SWI/SNF family | BAS complex | Auxillary subunit | ARP4; SWI/SNF family | SAS complex | Auxillary
subunit | ARP4; SWI/SNF family | MAS complex | Auxillary subunit | ARP4; INO80 family | INO80
complex | Auxillary subunit | ARP4; INO80 family | SWR1 complex | Auxillary subunit | ARP4

Fig. 3. Browse page of PlantCHRs.

PF00271 domains was detected in the aligned proteins. Moreover, it was
necessary to exclude other Snf2 proteins identified using the HMM
profile method to obtain EP400 and SSO1653 subfamily members.

2.3. Identification of CHR complex proteins

CHR complex proteins were predicted using the homologous protein
identification method. Using the 84 collected Arabidopsis thaliana CHR
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Phylogenetic tree of the 79 plant species
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Fig. 4. Phylotree page of PlantCHRs.

complex proteins as query sequences (Supplementary Table 3), the
Inparanoid software [43] was employed to predict CHR complex pro-
teins in other species.

2.4. Protein-protein interaction

With the help of protein-protein interaction pairs of Arabidopsis
thaliana obtained from Biogrid, we used OrthoFinder [44] to predict
homologous proteins of these interacting proteins in other species,
thereby predicting protein-protein interaction in other species.

2.5. Protein domain identification

Locally InterProScan software [41] was used to identify protein do-
mains (CDD, Pfam, SMART), gene family classifications (PANTHER,
SUPERFAMILY), and other information of protein sequences. The
E-value was set as < 0.001.
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2.6. Protein annotation

The proteins were aligned with the proteins of Uniprot, Swiss-Prot,
TrEMBL, NR database, and the Arabidopsis thaliana protein sequence.
The best-hit protein was selected for functional annotation.

2.7. Prediction of physicochemical properties of proteins

Protein Calculator Parameter tool in TBtools [45] was used to predict
the relative molecular weight (kDa), isoelectric point (PI), instability
index, grand average of hydropathicity (GRAVY), and aliphatic index of
the proteins.

2.8. Implementation
Based on our data collection and functional annotation, we devel-

oped the Plant Chromatin Remodeling Factors Database (PlantCHRs)
using the classic LAMP (Linux + Apache + MySQL + PHP) environment.
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Species Name OR Locus Name OR Gene Name OR Other Keyword
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=

-

A Search result of locus ID (AT2G28290.1)

C  Search result of species name (Arabidopsis thaliana)

Search Result

Species Locus model CHRs gene family CHRs complex Define
1 snr2 SWI/SNF family | SAS complex | Catalytic subunit | P-oop containing nucleoside m;i
< B
Search Result
Species Locus model CHRs gene family CHRs complex Define
DRD1 (1 of 9) K10875 - DNA repair and recombinz
DRD1 (10f7) PTHR10799:SF611 - CHROMATIN
DRD1 (101 9) K10875 - DNA repair and recombinz
DRD1 (1 0f 9) K10875 - DNA repair and recombinz

Lotus jag 190015165.1 DRD1 (1 0f 9) K10875 - DNA repair and recombinz

DRD1 (1 0f 9) K10875 - DNA repair and recombinz
DRD1 (10f 7) PTHR10799//PTHR10799:SF611 - ¢
DRD1 (101 7) PTHR10799/PTHR10799:SF660 -
DRD1 (1.0f 7) PTHR10799//PTHR10799:SF660 -
DRD1 (10f 2) PTHR10799/PTHR10799:SF748 -
DRD1 (10 9) K10875 - DNA repair and recombin:

Lotus 4G0016792.1 DRD1 (1.0f 7) PTHR10799/PTHR10799:SF660 -

DRD1 (101 7) PTHR10799:SF660 - SNF2 DOMAN|

Search Result
Species Locus model CHRs gene family CHRs complex Define
Mi-2 chromodomain-helicase-1
2 M2 chromodomain-helicase-1

INOBO family | INOBO complex | Auxilary subunit |  similar to expressed protc

INO8O family | INO8O complex | Auxillary subunit |  similar to expressed protc
INOBO family | INOBO complex | Auxillary subunit |  similar to expressed prote
INOBO family | INOBO complex | Auxillary subunit | similar to expressed protc
1SWI family | CDD complex | Auxillary subunit | DD similar to expressed protc
SWUSNF family | BAS complex | Auxillary subunit | similar to expressed protc
SWUSNF family | BAS compilex | Auxillary subunit |  similar to expressed protc
SWUSNF family | MAS complex | Auxillary subunit | - similar to transcription reg
SWUSNF family | MAS complex | Auxillary subunit | - similar to expressed protc
SWUSNF family | MAS compiex | Auxillary subunit | - similar to expressed protc

] 1 SWUSNF family | SAS complex | Auxillary subunit | ~ similar to expressed protc

SWUSNF family | BAS complex | Auxillary subunit | - GRF1-interacting factor 2
INOBO family | INOBO complex | Auxilary subunit|  PTHR13052/PTHR1305:
Rad516-8 P-loop containing nucieo:
ERCC6 switch2
Rad516-8 Helicase protein with RIN
DRD1 chromatin remodeling 31
] hypothetical protein
ATRX P-loop containing nucieo:
INOBO family | INOBO complex | Auxiliary subunit | Zinc finger, RING-type;Tr
Rist SNF2 domain-containing
SWUSNF family | BAS complex | Auxillary subunit | - actin-related protein 4

Fig. 5. Search page of PlantCHRs.

PlantCHRs comprises five modules: search, browse, phylotree, predic-
tion, and download (Fig. 1). The search tools include gene ID search,
species name search, and keyword search. Through the browsing tool,
users can explore all CHR proteins and CRCs in species classification
manner. The amino acid sequence of Snf2 proteins from 79 species
within PlantCHRs was used to construct a phylogenetic tree, which is
accessible through the phylotree module. Additionally, the time tree of
the 79 species was integrated phylotree module, which was constructed
using the Timetree webserver. In the prediction section, users can use
this tool to predict unknown CHR proteins and CHR complex proteins.
The download page provides sequence information and gene family
downloads for CHR proteins and CHR complex proteins of different
species.

3. Result
3.1. Statics of PlantCHRs

PlantCHRs contains a total of 3135 CHRs and 8398 CRC subunits
from 79 plants. These CHRs are classified into 19 subfamilies, with
DRD1, Snf2, Rad5/16, ERCC6, and Mi-2 being the subfamilies with a
significantly higher number of genes. However, some subfamilies have
relatively few genes, such as CHD7, which only has 9 members (Fig. 2).
Representative CDS sequences, transcript sequences, and protein se-
quences of these factors were also included in PlantCHRs (Table 2). To
facilitate studies of these factors, GO and KEGG terms, PPIs, and best hit
with other protein databases were also integrated into PlantCHRs
(Table 2).
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3.2. Usage

PlantCHRs comprises CHRs obtained from a wide range of evolu-
tionarily significant plant species, including red algae, green algae, club
moss, ferns, gymnosperms, and angiosperms. To facilitate user access to
the data in PlantCHRs, multiple options are provided, namely: browsing,
phylotree, and searching. In the browsing module, users can explore
CHRs and CRCs organized by species classification. The resulting page is
divided into three sections: species information, CHRs, and CRCs
(Fig. 3). In the phylotree module, we employed the Timetree web server
to construct an evolutionary tree representing 79 plant species. Users
can utilize this phylogenetic tree to search for CHRs of different species
(Fig. 4A). Furthermore, we performed a phylogenetic analysis of Snf2
proteins across the 79 plant species and constructed a corresponding
phylogenetic tree. Users can search specific branches of Snf2 proteins by
the phylogenetic tree (Fig. 4B). In the search module, users can search
for locus IDs, keywords, and species names. After entering the relevant
search terms and clicking the search button. The concise information on
the search results will be presented on the search results page (Fig. 5). In
addition, we have designed a tool that can predict CHRs and CRCs in
newly sequenced species. After the user uploads the protein sequence
and submits it, the tool can determine whether CHRs and CRCs are
present in the submitted protein sequence. By using this tool, we pre-
dicted the full set of Snf2 proteins encoded by the barley genome
(Fig. 6), and a total of 39 proteins were predicted as CHRs, consistent
with the results predicted by Chen et al., which indicated the reliability
of PlantCHRs’ predictive results (Table 3) [46].

We exemplified the gene detail page of PlantCHRs with the tomato
Snf2 gene (Solyc01g109970). The search results are organized into seven
sections: basic information, family classification, protein domain, GO,
KEGG, protein-protein interactions, and protein annotation (Fig. 7). In
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HORVU.MOREX.r3.4HG0375930.3

INOBO family | INOBO complex | Auxillary subunit | JMJ24

Fig. 6. Prediction page of PlantCHRs.

the basic information section, users can acquire information about the
Snf2 subfamily to which the gene belongs, the species it belongs to, and
protein properties, including its molecular weight, theoretical pl,
Instability Index, Aliphatic Index, and GRAVY. Moreover, users can
download the CDS, transcript, and protein sequences of the gene
(Fig. 7A). The family classification section displays the results of the
protein alignment with the DRD1 hmm profile (Fig. 7B). The protein
domain section lists the annotations and gene family classification in-
formation from various sources, including cd18793 (SF2_C_SNF),
PF00271 (Helicase conserved C-terminal domain), PF00176 (SNF2-
related domain), SM00490 (helicmild6), SM00487 (ultradead3), and
PTHR45821 (SNF2 DOMAIN-CONTAINING PROTEIN CLASSY 2-
RELATED). These pieces of information indicate that Solyc01g109970
belongs to the Snf2 family (Fig. 7C). In the GO and KEGG sections, users
can learn that the protein has ATP-binding ability and participates in the
homologous recombination process (Fig. 7D, E). The protein-protein
interaction section reveals that Solyc01g109970 has a series of inter-
acting proteins such as Solyc01g096390 (nuclear RNA polymerase D1B),
Solyc01g098320 (Eukaryotic rpb5 RNA polymerase subunit family
protein), Solyc05g010300 (DNA-directed RNA polymerase family pro-
tein), Solyc03g071790 (defective in meristem silencing 3), Sol-
yc09g082420 (RNA-DIRECTED DNA METHYLATION 1), and
Solyc04g040170 (Eukaryotic rpb5 RNA polymerase subunit family
protein). These proteins provide valuable insight into the molecular
mechanisms of Solyc01g109970’s involvement in biological processes
(Fig. 7F). Lastly, the protein annotation section lists the best hit protein
of Solyc01g109970 in Refseq, Swissprot, TTEMBL, and TAIR databases,
which can broaden users’ understanding of the annotation of
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Solyc01g109970 (Fig. 7G).

3.3. Comparative analysis of the distribution of Snf2 members in different
species

Using the data from PlantCHRs, we performed a comparative anal-
ysis of Snf2 proteins in 37 plant species, 13 animal species, and 3 fungal
species, significant differences were found in the total number and
subfamily types of Snf2 genes among different species during the
evolutionary process. For instance, ascomycete fungi possess no more
than 10 types of Snf2 subfamilies, comprising a total gene count of no
more than 14. Nematodes and insects possess 11-13 subfamilies, con-
sisting of 13 Snf2 genes. Red algae and green algae have 7 and
approximately 13 Snf2 gene families, respectively. However, most
chordates and flowering plants (86.5%) possess over 17 Snf2 subfamily
types and more than 30 genes (Fig. 8 and Supplementary Table 5). These
observations indicate that the total number and subfamily types of Snf2
proteins in fungi, lower animal and plant are significantly lower than
those in higher animal and plant. Differences also exist in Snf2 subfamily
types among various species. For instance, ALC1, Lsh1, EP400, Arip4,
DRD1, Lodestar, and SMARCALLI are absent in fungi. All animals possess
the CHD7 subfamily, and only some lower plants, such as mosses and
ferns, have the CHD7 subfamily. Lodestar is exclusive to animals, Arip4
and EP400 are unique to chordates, and DRD1 is found in all green
plants except green algae. Risl is detected in most plants but not in any
animals. SSO1653 is identified in only one plant, and JBP2 is absent in
all species (Fig. 8 and Supplementary Table 5).

Our study also found that the number of genes within specific Snf2
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Table 3
Prediction result of Snf2 genes in Barley by Chen et al. and PlantCHRs.
Locus ID Predicted by Chen PlantCHRs
et al. Prediction

HORVU.MOREX. Snf2 Snf2
r3.7HG0669610

HORVU.MOREX. Snf2 Snf2
1r3.6HG0543700

HORVU.MOREX. Snf2 Snf2
r3.1HG0019730

HORVU.MOREX. Lsh Lshl
r3.2HG0184370

HORVU.MOREX. Lsh Lshl
r3.4HG0338270

HORVU.MOREX. Lsh Lshl
r3.7HG0646770

HORVU.MOREX. Iswi ISWI
1r3.1HG0022440

HORVU.MOREX. Iswi ISWI
r3.3HG0230070

HORVU.MOREX. Iswi ALC1
r3.4HG0416240

HORVU.MOREX. Iswi Chdl
1r3.2HG0116700

HORVU.MOREX. Mi-2 Mi-2
r3.7HG0658830

HORVU.MOREX. Mi-2 Mi-2
13.3HG0307470

HORVU.MOREX. Mi-2 Mi-2
r3.2HG0143700

HORVU.MOREX. Swrl Swrl
r3.7HG0748860

HORVU.MOREX. Ino80 Ino80
r3.4HG0375120

HORVU.MOREX. Etll Etll
r3.2HG0187800

HORVU.MOREX. Rad54 Rad54
1r3.6HG0617770

HORVU.MOREX. ATRX ATRX
r3.1HG0040050

HORVU.MOREX. DRD1 DRD1
r3.2HG0108640

HORVU.MOREX. DRD1 DRD1
r3.4HG0402720

HORVU.MOREX. DRD1 DRD1
r3.3HG0271560

HORVU.MOREX. DRD1 DRD1
r3.1HG0064430

HORVU.MOREX. DRD1 DRD1
r3.2HG0128530

HORVU.MOREX. DRD1 DRD1
r3.5HG0501840

HORVU.MOREX. Rad5/16 Rad5/16
r3.2HG0119710

HORVU.MOREX. Rad5/16 Rad5/16
r3.6HG0559070

HORVU.MOREX. Rad5/16 Rad5/16
1r3.2HG0103780

HORVU.MOREX. Rad5/16 Rad5/16
r3.2HG0141740

HORVU.MOREX. Risl Risl
r3.3HG0293510

HORVU.MOREX. Risl Risl
r3.2HG0199060

HORVU.MOREX. Risl Risl
r3.7HG0696030

HORVU.MOREX. SHPRH SHPRH
1r3.3HG0320710

HORVU.MOREX. Motl Motl
r3.1HG0094930

HORVU.MOREX. ERCC6 ERCC6
r3.3HG0231890

HORVU.MOREX. ERCC6 ERCC6
r3.2HG0132190

HORVU.MOREX. ERCC6 ERCC6
r3.2HG0217790
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Table 3 (continued)

Locus ID Predicted by Chen PlantCHRs
et al. Prediction

HORVU.MOREX. ERCC6 ERCC6
r3.6HG0559010

HORVU.MOREX. SMARCALL SMARCALL
r3.2HG0128410

HORVU.MOREX.r3. Lshl Lshl
UnG0786740

subfamilies is generally consistent among different animals. However,
variations exist in the number of genes within specific Snf2 subfamilies
among different plant species. Subfamilies with more notable variations
in the number of Snf2 genes between plant species include Snf2, DRD1,
Rad5/16, and Risl (Fig. 8 and Supplementary Table 5). These results
imply that the functions of Snf2 genes may differ between plants and
animals.

3.4. Phylogenetic and protein domain analyses of Snf2 family genes in
four representative species

We performed phylogenetic and domain analyses of Snf2 proteins
from four representative species: A. thaliana (dicot plant), Amborella
trichopoda (basal angiosperm), Ginkgo bilobas (Gymnospermae species),
and Physcomitrella patens (Bryophyta species) to investigate domain
variations among different Snf2 subfamilies. Snf2 proteins from these
four representative plants were classified into 19 branches, each repre-
senting a distinct Snf2 subfamily (Fig. 9). All Snf2 proteins contained the
"Helicase conserved C-terminal domain" and "SNF2-related domain".
The "Chromo domain" was exclusive to the CHD7, Chdl, and Mi-2
subfamilies. The ISWI subfamily exclusively contained the "HAND,"
"SANT," and "SLIDE" domains. The Mi-2 subfamily exclusively contained
the "CHD subfamily II, DUF1087" and "PHD-finger" domains, and some
Mi-2 subfamily proteins lacked "CHD subfamily II, DUF1087". The
"Ring-finger" domain and "HIRAN domain" were present in the Rad5/16
and Ris1 subfamilies. The Rad5/16 subfamily exclusively contained the
"HIRAN domain". The Swrl subfamily exclusively contained the "HSA
domain". The Ino80 subfamily exclusively contained the "DNA-binding
domain". Additionally, we discovered additional subdivisions within
certain subfamilies. Within one branch of the Snf2 subfamily, the C-
terminus of the protein corresponds to the "Snf2-ATP coupling, chro-
matin remodeling complex," whereas in another branch, the C-terminus
of Snf2 corresponds to the "Bromodomain". The SMARCAL1 subfamily
can be further divided into two branches: one branch with the C-ter-
minus corresponding to the "Histone H1-like protein Hcl," and the other
branch lacking this domain.

3.5. Analysis of expression patterns of maize and Arabidopsis Snf2 genes
in different tissues

We also obtained Snf2 genes of Arabidopsis and maize from
PlantCHRs and investigated their expression patterns during growth and
development. The expression of Snf2 genes in various tissues of maize
and Arabidopsis exhibited a certain degree of conservation. The majority
of Snf2 genes in both species exhibit relatively high expression levels in
developing flower and meristem tissues, including immature tassels,
immature cobs, meiotic tassels, stem and shoot apical meristems, elon-
gated internodes in maize, and flowers and callus in Arabidopsis
(Fig. 10). Additionally, in both maize and Arabidopsis, a subset of genes
displays lower expression levels in leaf tissues, including four maize
DRD1 genes, five Arabidopsis DRD1 genes, three maize Rad5/16 genes,
four Arabidopsis Rad5/16 genes, two maize Lsh1 genes, and one Arabi-
dopsis Lsh1 gene (Fig. 10). Notably, the expression of Snf2 genes in maize
and Arabidopsis also exhibits some discrepancies. For example,
numerous Snf2 genes display higher expression levels in maize seeds,
whereas the expression of several Snf2 genes in Arabidopsis seeds is
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Fig. 7. The gene detail page of Tomoto CHR gene (Solyc01g109970), which includes seven sections: (A) Basic information, including gene locus, family, protein
properties, description, and sequence. (B) Classification, including alignment results with HMM model of CHR subfamily. (C) Protein domain. (D) GO information. (E)
KEGG information. (F) PPI information. (G) Annotation information, including the best hit of the protein in Refseq, Swissprot, TTEMBL, and TAIR databases.
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trichopoda”, “Ginkgo biloba”, and “Physcomitrium patens”, respectively.
comparatively low (Fig. 10).
4. Discussion and conclusion

The Snf2 protein functions as the catalytic subunit of chromatin
remodeling complexes, dynamically regulating gene expression by
altering the nucleosome position on chromatin. As sessile organisms,
plants require chromatin remodeling factors to modulate the expression
of related genes, enabling adaptation to diverse unfavorable environ-
ments during growth [47]. Currently, our knowledge of plant CHRs
primarily derives from studies in the model plant Arabidopsis thaliana
and a few crop species; however, the role of CHRs in most plants remains
elusive [5,48,35,34]. In this study, we generated HMM profiles of
various Snf2 subfamilies using 310 well-annotated Snf2 proteins. By
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creating test datasets, we demonstrated the reliability of these HMM
profiles. Using these profiles, we identified Snf2 proteins in 79 plant
species, uncovering a total of 3135 Snf2 proteins belonging to 19 sub-
families. Snf2 proteins typically function as catalytic subunits of CRCs,
we also predicted 8398 CRC protein subunits in 79 plants.
Cross-species comparative analysis reveals that Snf2 proteins are
crucial in plant evolution. Various adverse factors in the natural envi-
ronment can threaten plant survival. Numerous studies have shown that
Snf2 proteins are involved in plant growth and stress response [13].
Consequently, during natural selection, plants may increase the copy
number and subfamily of Snf2 proteins to adapt to the ever-changing
environment, enhancing their stress resistance and facilitating their
survival. Significant expansion of Snf2 proteins and their subfamilies is
observed in the evolutionary stages of mosses/ferns, suggesting that
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Fig. 10. Heatmap show the expression patterns of CHR genes in different tissues and developmental stages of Arabidopsis and maize. The expression levels of the
genes were represented by logo(FPKM) which was normalized by Z-score. The color of each cell in the heatmap corresponds to the expression level of the gene, where
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Snf2 proteins may contributed to the evolution of plants from aquatic to
terrestrial life (Fig. 8). Furthermore, our findings suggest that animals
possess fewer Snf2 proteins than plants, which might be related to plants
being sessile organisms; they encounter more adverse environmental
factors during their growth than animals. Unique Snf2 gene families are
present in both animals and plants, such as Arip4, Lodestar, and EP400
in animals, and DRD1 and Risl in plants. DRD1 exhibits an increased
copy number in several plant, including Panicum virgatum, Brachypodium
mexicanum, Solanum tuberosum, Solanum lycopersicum, Lotus japonicus,
Salix purpurea, and Chenopodium quinoa. The significance of
species-specific expansion, however, remains unclear and warrants
further investigation. Moreover, the identification of plant-specific
subunits and their functions could provide valuable insights into the
unique aspects of plant chromatin regulation and the adaptation
mechanisms employed by plant in response to environmental
challenges.

In summary, we have established an online database for plant
chromatin remodeling factors (PlantCHRs), which encompasses CHRs
and CRCs of 79 plants. To facilitate the function analysis of these CHRs
and CRCs, we have incorporated annotations, such as: protein domains,
GO, KEGG, and PPI information. Furthermore, the PlantCHRs database
will be continuously updated and improved. We will update the CHRs of
newly sequenced species into PlantCHRs, and collect information on
other epigenetic modification factors, providing a more comprehensive
database for epigenetic factors in plants.
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